Gallop, S.L.; Bryan, K.R.; Pitman, S.J.; Ranasinghe, R., and Sandwell, D., 2016 The exchange of material between the surf zone and continental shelf can be driven by pulsations in rip current velocities. However, there is a poor understanding of the relationship of these pulsations to surf zone morphology and material exchange. Moreover, understanding of rip current dynamics has focused mainly on single-barred beaches in an intermediate state, and there have been few studies on high energy beaches. Therefore, this paper undertakes preliminary research on surf zone current velocity pulsations, on a high energy beach in New Zealand. This initial analysis presents results from two days of measurements using Acoustic Doppler Velocimeters and Lagrangian GPS drifters. Drifters revealed pulsations in current velocities on the order of ~0.5-2 m s -1 throughout the surf zone, whether inside a rip current circulation cell or not. More infragravity wave energy was associated with constant pulsations in current velocity, and lower infragravity energy with pulsation bursts, lasting 5-10 minutes, interspersed with periods of relatively constant velocity lasting 15-25 minutes. However, higher wave conditions also reduced the exit rate from the surf zone.
INTRODUCTION
Rip currents are jet-like flows in the surf zone that generally head in an offshore direction (Aagaard et al., 1997) . They are often present on beaches in an intermediate morphodynamic beach state (Wright and Short, 1984) , and adjacent to structures such as headlands and groynes (Gallop et al., 2011; McCarroll et al., 2014; Short, 1985) . It is important to understand the variability and drivers of rip current flows because: (1) globally, they are the leading cause of rescues and fatalities on beaches (Short, 1999; Woodward et al., 2015) ; and (2) they are a key mechanism transporting material between the surf zone and continental shelf, such as larvae (Fujimura et al., 2014) , diatoms (Talbot and Bate, 1987) , and sediments (Aagaard et al., 1997) . Therefore, they are an important sediment transport conduit contributing to coastal sediment budgets (Goodwin et al., 2013; Wright, 1987) . Recent research suggests that the exit rate of material from the surf zone to offshore is an important control of: (1) hazard to beach users (Scott et al., 2013) ; (2) the best escape strategy for people caught in a rip (McCarroll et al., 2013) ; and (3) rates of cross-shore exchange of water (Smith and Largier, 1995) , and materials (Loureiro et al., 2013; Thorpe et al., 2013) . Surf zone exits may be driven by pulsations in rip current velocity. Pulsation of surf zone currents can occur at infragravity (IG) frequencies (25-250 s) due to standing IG waves (MacMahan et al., 2004a; Sonu, 1972) or wave groups (Munk, 1949; Reniers et al., 2010; Shephard and Inman, 1950) . In addition, recent research has revealed the presence of vortical motions at Very Low Frequency (VLF) (4-10 min) motions (Castelle et al., 2013; MacMahan et al., 2004b; Reniers et al., 2010) . A range of generation mechanisms for VLF motions have been suggested. The dominant mechanism appears to be surf zone eddies due to wave groups (MacMahan et al., 2004b; Peregrine, 1998; Reniers et al., 2007) .
There is a lack of measurements (MacMahan et al., 2004a ) to understand the relationship of current pulsations to rip current generation, surf zone morphology, material exchange, and hazard. Therefore, the aim of this paper is to undertake preliminary research on the influence of IG wave energy on rip current flows on a high energy beach.
METHODS
This section introduces the study site, field experiment, and data analysis methods.
Study site
Ngarunui Beach on the west coast of New Zealand ( Figure  1 ) has fine-medium iron sand (Sherwood and Nelson, 1979) . The tide is semidiurnal, with neap and spring ranges of ~1.8 and 2.8 m (Walters et al., 2001) . Offshore mean significant wave height is 2 m, with a period of 7 s (Gorman et al., 2003) . The southern arm of the ebb tidal delta, terminal lobe to Whaingaroa Harbor acts as the outer bar during large swell events. Further inshore, there are inner (high tide) and outer (low tide) bars which are often cut by rip channels (Figure 1 ). 
Field experiment
A field experiment was undertaken between 9 and 11 February 2015 and included the deployment of three Triton Sontek Acoustic Doppler Velocimeters (ADVs), and ten GPS drifters. This paper focuses on data collected on February 10 and 11 collected in the rip current cell at the south end ( Figure 1 ).
ADVs were deployed upward-facing within the rip current, and were set to the maximum sampling rate of 4 Hz for 4086 samples. GPS drifters were based on the design of Schmidt et al. (2003) and MacMahan et al. (2009) . The GPS logger was the QStarz BT-Q100eX, which has a velocity accuracy of ±0.05 m s -1 (Thomson, 2012) . One drifter was left in a static position on a benchmark to estimate the mean horizontal error and standard deviation of 3.78 ± 1.20 m. Drifters were deployed by wading out to waist-depth. They were retrieved using a combination of shore-retrieval, and a jetski when they: (1) washed onshore and dragging on the bed; (2) travelled alongshore outside of the study area; (3) exited the surf zone; and (4) entered busy surfing/ swimming areas. All times are given in New Zealand Standard Time (NZST).
Data analysis
As in other studies of surf zone currents using GPS drifters (e.g., Johnson and Pattiaratchi, 2004; McCarroll et al., 2014) , velocity data were low-pass filtered using a Butterworth filter with a low-pass cutoff of 0.05 Hz, to average wave motion and other noise.; including an algorithm to reduce end effects. For this preliminary investigation, results are presented of individual drifter velocities and their location within the surf zone circulation system, and compared with IG wave energy. Drifter velocities are color coded by location: (1) offshore-and (2) onshore-directed flow in the rip current circulation cell; (4) elsewhere inside the surf zone ( Figure 2) ; or (3) offshore.
Offshore wave conditions were obtained from the nzwave_12 wave forecast which used WAVEWATCHv3.14, and was run by NIWA. Drifter velocities were compared to the energy in the IG band of: pressure (water level); x (cross-shore); and y (longshore) currents recorded by ADVs in the surf zone. These were obtained by calculating wave power spectra on the detrended time-series, which were then smoothed using a Hanning window of 4096 data points. The total IG energy was summed for each window, within the frequency band of 0.0033-0.05 Hz (20-300 s); suggested infragravity wave frequency cutoffs vary but generally range within this window (e.g. Holman, 1981; MacMahan et al., 2004a) . Periods of pulsations in surf zone current velocities were identified by calculating the standard deviation of the low pass-filtered velocity in 2 minute windows. Pulsations were defined as occurring when the standard deviation was greater than the 50 th percentile standard deviation of filtered drifter velocities.
RESULTS
Here, results are summarized for 10 and 11 February.
February
On 10 February, mean offshore significant wave height was 1.4 m, and period was 8.7 s. There was significantly more IG energy in cross-shore currents compared to sea level and longshore currents (Figure 3a ). IG energy gradually increased during late morning, with energy in cross-shore currents increasing from ~10 m 2 /Hz, to peak at 15 m 2 /Hz after 13:00 h (Figure 3a ). Pulsation bursts of drifter velocity were identified by periods of high standard deviation (Figure 3b ). During these pulsations, the drifters reached velocities on the order of ~0.5-2 m s -1 ( Figure  3c ). Drifter velocities alternated between pulsation bursts lasting around 5-10 minutes (Figure 3c ), interspersed with periods of relatively constant, lower velocity of <0.5 m s -1 . Pulsations were not associated with the position within the surf zone, as this occurred at all locations sampled, i.e. in the offshore and onshore flows within the rip current circulation cell, and others areas of the surf zone. Due to a lack of temporal drifter coverage, it is also not clear if more pulsing occurred as IG energy increased on this day.
On 11 February, mean offshore significant wave height increased to 1.9 m, and mean period to 11.7 s. This higher wave energy was reflected in cross-shore IG energy that was an order of magnitude greater than the day before, reaching 130 m 2 /Hz (Figure 4a ) compared to 13 m 2 /Hz on 10 February (Figure 3a ). Total IG energy was variable. For cross-shore currents, it reached local maxima in spectral density of ~80, 100, and 130 m 2 /Hz at 12:30, 13:10, and 14:20 respectively; and local minima of ~50 m 2 /Hz at 12:45 and 14:10. Unlike on the previous day, there were almost constant pulsations in GPS drifter velocities (Figure 4b ). During these pulsations, drifters reached velocities on the order of 0.5-2 m s -1 (Figure 4c ). These oscillations occurred regardless of location within the surf zone. DISCUSSION IG frequency energy was an order of magnitude greater on 11 February compared to 10 February. If rip current pulsations are driven by IG waves (MacMahan et al., 2004a; Reniers et al., 2010) , then it is expected that more IG wave energy would lead to more pulsations in rip current velocity. This relationship is confirmed by differences between the two days, where pulsations in rip current velocities were constant on 11 February (Figure 4c ), when IG wave energy was much greater ( Figure  4a ). Conversely, on 10 February when IG wave energy was relatively lower (Figure 3a ), surf zone current pulsations were intermittent ( Figure 3c ) and occurred in bursts lasting for 5-10 minutes, interspersed by periods of relatively constant velocity, lasting 15-25 minutes. The magnitude of the velocity pulsations was similar between the two days, on the order of 0.5-2 m s -1 . If IG pulsations in rip current velocity are the main driver of surf zone exits, then more exits should have occurred on 11 February. However, there were significantly less exits on 11 February (6 %) compared to 10 February (71 %) (Gallop et al., 2015) . Offshore significant wave height was higher on the second day, at 1.9 m compared to 1.4 m on the first day. This relationship is consistent with findings elsewhere that more drifter exits occur during lower wave conditions Scott et al., 2014) . This may be caused by larger waves breaking further offshore which induce current vortices that are coupled to the surf zone morphology, and encourage material retention . Further research is required to understand the effect of rip current pulsations and incident wave conditions on rip current flows, particularly on high energy beaches.
CONCLUSIONS
This paper presented a preliminary study on rip current velocity pulsations, on a high energy, mesotidal beach in New Zealand. There were strong pulsations in surf zone current velocity on the order of ~0.5-2 m s -1 . These pulsations occurred in 5-10 minute bursts interspersed with 15-20 minute periods of relatively constant velocity, during lower total wave energy, and lower IG energy conditions. Conversely, during higher wave energy conditions, and when there was more IG wave energy present, the pulsations were constant. More pulsations did not lead to increased surf zone exits, possibly because the higher incident wave conditions encouraged the retention of material in the surf zone. Further research is planned to understand the balance of rip current velocity pulsations and incident wave conditions on rip current flows and surf zone exits on high energy beaches 
ACKNOWLEDGMENTS

